We have reported that motile Escherichia coli K-12 placed in an electric field swims toward the anode but that motile Salmonella typhimurium strains swim toward the cathode, a phenomenon called galvanotaxis (J. Adler and W. Shi, Cold Spring Harbor Symp. Quant. Biol. 53:23-25, 1988). In the present study, we isolated mutants with an altered direction of galvanotaxis. By further analyses of these mutants and by examination of E. coli and Salmonella strains with altered cell surface structure, we have now established a correlation between the direction of galvanotaxis and the surface structure of the cell: motile rough bacteria (that is, those without O polysaccharide; for example, E. coli K-12 and S. typhimurium mutants of classes galE and rfa) swam toward the anode, whereas motile smooth bacteria (that is, those with O polysaccharide; for example, wild-type S. typhimurium LT2) swam toward the cathode. However, smooth bacteria with acidic polysaccharide capsules (K1 in E. coli and Vi in Salmonella typhi) swam toward the anode. Measurements of passive electrophoretic mobility of strains representative of each set were made. We propose that the different directions of galvanotaxis of rough (or capsulate) bacteria and of smooth bacteria are explicable if the negative electrophoretic mobility of flagellar filaments is less than that of rough bodies but greater than that of smooth bodies.
Our previous studies showed that motile Escherichia coli K-12 swims toward the anode while motile Salmonella typhimurium LT2 swims toward the cathode, a phenomenon termed galvanotaxis; reversing the polarity of the electric field results in the bacteria making U-turns, so that they resume swimming towards the same pole as before reversal (2) .
In this study, we report isolation and analysis of several mutants which have a direction of galvanotaxis opposite to that of their parent. Further, we report test results for a variety of already-known strains. We show that the nature of the bacterial surface determines the direction of galvanotaxis.
In most strains of E. coli and Salmonella spp., the major component of the surface is the lipopolysaccharide (LPS), whose main features are shown in Fig. 1 . LPS is composed of three domains: the O polysaccharide (O units), the core oligosaccharide (shown expanded in Fig. 1) , and the lipid A moiety. Bacteria with O polysaccharide (for example, S. typhimurium LT2) are called smooth (since in general they form smooth colonies), whereas bacteria lacking O polysaccharide (for example, E. coli K-12) are called rough (since in many cases they form rough colonies) (14) . (For reviews, see references 18, 19, 21, and 23.) In smooth bacteria, the O polysaccharide is made up of many copies of an oligosaccharide repeating unit (O unit) . The presence of the O polysaccharide and the nature of the repeating unit determine O-antigen character and many other surface-dependent properties, including sensitivity to smooth-bacterium-specific phages, resistance to rough-bacterium-specific phages, and sensitivity or resistance to various colicins.
In rough bacteria, absorption of smooth-bacterium-specific phages is lacking but there is sensitivity to rough-bacteriumspecific phages and to certain colicins, and there is agglutination by high salt concentrations (27, 29) . Absence of O antigen, i.e., rough character, may result either from mutation of genes concerned with formation of the O polysaccharide or concerned with its attachment to the core oligosaccharide, from mutation of genes involved in the synthesis of the core oligosaccharide, or from mutation of the gene galE, specifying uridine diphosphogalactose-4-epimerase, needed for synthesis from D-glucose-1-phosphate of UDP-galactose, the precursor of the galactose units of the core oligosaccharide (13, 16, 20) (Fig. 1) .
The core oligosaccharide is rich in negatively charged groups of KDO (2-keto-3-deoxyoctulosonic acid) (also called 3-deoxy-D-manno-octulosonic acid) and phosphate; thus, rough strains have more negatively charged groups exposed to the cell surface because of the lack of O polysaccharide, which would cover up the negative charges.
In some E. coli strains and a few Salmonella strains, the LPS of the outer membrane is covered by a polysaccharide capsule which in many instances is made up of acidic sugars (12) .
In this study, we show that the nature of these various cell surface structures determines the direction of galvanotaxis.
Smooth and rough strains swim toward different electrodes (see above). To investigate this, we measured the passive electrophoretic movement of bacterial cells in an electric field (4) . As has been reported previously (17) , we found that the rate of passive electrophoretic movement is much greater for rough bacteria, or bacteria with a capsule made of acidic sugars, than for smooth bacteria.
On the basis of these findings, we propose this hypothesis: the direction of galvanotaxis of motile bacteria in an electric field is determined by whether the difference in the rate of passive electrophoretic mobility of the bacterial bodies is greater or less than the passive electrophoretic mobility of the bacterial flagellar filaments.
MATERIALS AND METHODS
Media, growth conditions, and bacterial strains. Tryptone broth (1% Bactotryptone and 0.5% NaCl) was used for growth of the bacteria. Cultures were grown at 35ЊC with aeration by shaking, harvested at an optical density at 590 nm (OD 590 ) of 0.2 to 0.4, and then washed and resuspended in a nongrowth motility medium, 10 Ϫ2 M K ϩ phosphate buffer at pH 7.0 with 10 Ϫ4 M K ϩ EDTA to enhance motility (1) . Bacterial strains and plasmids are listed in Tables 1 to 4 and  described in table footnotes and the text. Assay for galvanotaxis. The method for observing galvanotaxis microscopically and for recording it on videotapes by use of computerized motion analysis equipment was described previously (2) . Figure 2 shows the apparatus for observing bacterial galvanotaxis. The behavior was observed through a microscope and recorded on videotape. The bacteria in 0.5 ml of motility medium were put into a glass-bottomed compartment (2 cm by 2.5 cm by 1 mm) and covered with a coverslip. At each end of this compartment was another compartment (4.5 cm by 2.5 cm by 8 mm) containing 9 ml of 1% agarose (electrophoresis grade; Bethesda Research Laboratories) in motility medium. These two compartments each contained a platinum electrode connected to a power supply (model ps101; Hoefer Scientific Instruments) with adjustable voltage and an adjustable current and a choice of polarity.
Isolating mutants with altered direction of galvanotaxis. As shown in Fig. 3 , the electrodes were two L-shaped glass tubes (modified Pasteur pipettes) filled with 1% agarose in motility medium; they were placed in a petri dish filled with motility medium and were then attached to the power supply mentioned above. Next, bacteria (S. typhimurium, in this case) grown in 25 ml of tryptone broth (OD 590 ϭ 0.5) were washed in motility medium as described above and all of them (about 10 10 bacteria in 25 ml) were put into the petri dish everywhere except in the Pasteur pipettes. After an electric field of 4 V/cm had been applied for 25 min (long enough to make cells move away from the anode), the cells in the L tube at the anode (wild-type S. typhimurium would migrate toward the cathode) were collected in fresh tryptone broth and grown again to an OD 590 of 0.5. Next, the same procedure was repeated. After three to four cycles, the cells FIG. 1. Structure of the LPS of S. typhimurium and genes required for its synthesis (modified from reference 13). The core oligosaccharide is shown in the center in detail; O-polysaccharide subunits are indicated at the left, and lipid A is shown at the right. Genes are shown in italics. Genes termed rfa are concerned with synthesis of the core oligosaccharide. Genes marked with an asterisk are located in a cluster of rfa genes at 79 min on the linkage map. Entries in roman type (Ra and Rb, etc.) are symbols for the chemotype of LPS produced by mutants of the indicated class (i.e., for LPS completed up to the indicated block). The rfaH mutation produces LPS of heterogeneous composition. GlcNAc, N-acetylglucosamine; Gal, galactose; Glc, glucose; Hep, heptose; galE, UDP-glucose-4-epimerase (in parentheses because it has functions other than in LPS synthesis). Phosphate (not shown) is attached to Hep I, Hep II, KDO, and lipid A. collected from the anode were examined by the assay shown in Fig. 2 . If more than 10% of the cells moved in the opposite-from-normal direction as observed by microscopy, single-colony isolates were prepared, each was grown as described before, and then each was reexamined individually. In this way, mutants with altered direction of galvanotaxis were found.
Test for distinguishing smooth and rough strains. As mentioned above, rough bacteria are agglutinated by high salt concentrations (29) . This supplies a simple way to distinguish rough and smooth bacteria. Cell pellets from centrifuged broth cultures were resuspended in 4% NaCl and allowed to sit for 5 min. Next, cells were examined by microscopy; the cells of rough strains were seen to be clumped together, while those of smooth strains remained as single cells.
Study of electrophoretic mobility by using the Penkem S3000 automated electrokinetic analyzer. The Penkem S3000 automated electrokinetic analyzer is a machine which uses a laser beam to analyze electrophoretic mobilities of charged particles at a fixed electric field (52.4 V/cm) (4, 11) . The passive electrophoretic movement of charged particles injected into the machine was analyzed by laser beam and calculated by the computer automatically. A histogram showing the calculated electrophoretic mobilities (including the calculated mean) of individual particles appeared. The electrophoretic mobility is given in micrometers per second per volt per centimeter. The machine has been previously used to study the surface charges of smooth and rough bacteria (4, 11) . In this study, the bacteria were resuspended in motility medium and injected into the Penkem S3000 analyzer for analysis of the electrophoretic mobilities.
RESULTS

Galvanotaxis in bacteria.
Bacteria swam in random directions in the absence of an electric field; however, when an electric field (4 V/cm) was applied the bacteria aligned themselves along the electric field and migrated toward one electrode, as described in the previous paper (2); we call this galvanotaxis. When the polarity was reversed, the cells made a U-turn and then migrated in the opposite direction.
For galvanotaxis, we tested E. coli mutants lacking each protein known to be needed for chemotaxis signal reception and each protein known to be needed for chemotaxis signal transduction. None of these products were needed for galvanotaxis (2) . E. coli K-12 strain AW405 migrated exclusively toward the anode, and the same was true for many other E. coli K-12 strains (2). In contrast, migration exclusively toward the cathode was found with S. typhimurium LT2 (2); the same result was obtained with six additional independent wild-type S. typhimurium strains: UCD (strain SL1479); FIRN (strain SL3261); WRAY, ovine (strain SL5489); C5 (strain SL5524); and St21 (strain 5756) (2) .
Isolation and study of mutants with altered direction of galvanotaxis. To further investigate the nature of galvanotaxis, we began a genetic study of it. By screening our culture collection, we found and have reported that S. typhimurium SL7141 (Table 1 ) migrated toward the anode instead of toward the cathode, unlike wild-type S. typhimurium LT2 (2) . By use of the apparatus shown in Fig. 3 and the procedure described in Materials and Methods, we isolated five additional mutants of S. typhimurium LT2-for example, AW914 (Table 1) -with an altered direction of galvanotaxis. Efforts to isolate galvanotaxis mutants from E. coli K-12 have failed. This will be further discussed below.
The galvanotaxis mutations are related to D-galactose metabolism. To investigate the genetic nature of strain SL7141, an S. typhimurium LT2 descendant which has an altered direction of galvanotaxis, we studied its pedigree (Fig. 4) . SL7141 is a derivative of strain LB5000, which has several mutant characteristics (5, 23), including absence of flagella because of mutation flaA66. Strain LB5000 given the nonleaky, nonpolar mutation galE503 (9) by cotransduction with the bio-102 mutation::Tn10 was designated SL5283. A bio ϩ revertant of SL5283 was made fla ϩ ; this produced strain SL7141, motile but still galE503. A motile derivative of LB5000 not made galE was available as strain SL7162 (Fig. 4) ; this strain, unlike its galE cousin SL7141, swam to the cathode (Fig. 4) . This suggests that the galE mutation of SL7141 somehow causes its altered direction of galvanotaxis.
We also studied the five galvanotaxis mutants isolated from S. typhimurium LT2 and found that all of them are defective in D-galactose metabolism. Table 1 shows the results for one of them, AW914. Unlike its parent, LT2, AW914 could not utilize D-galactose as the sole carbon source for growth. Its changed galvanotaxis behavior could be corrected (Table 1) when D-galactose was added to tryptone broth or when it could make its own UDP-galactose by having been transformed with pAA101, a plasmid carrying wild-type galE ϩ (uridine diphosphogalactose-4-epimerase), galT ϩ (galactose-1-phosphate uridyltransferase), and galK ϩ (galactokinase) (6). The above observations suggested that lack of gal function galT K-12 Yes Anode a Unless specified, bacterial cells were grown in tryptone broth at 35ЊC. NaCl (4%) causes rough strains to clump but has no visible effect on smooth strains (see Materials and Methods); ''No'' means no clumping in 4% NaCl and indicates smooth strains; ''Yes'' means clumping in 4% NaCl and indicates rough strains. The apparatus for observing galvanotaxis was used (Fig. 2) ; ''Anode'' indicates swimming toward the anode (positive pole); ''Cathode'' indicates swimming toward the cathode (negative pole). All S. typhimurium strains listed are derivatives of LT2. SV3 is the parent of SV21. SL7141 and SL3684 are from B. A. D. Stocker, and all the rest of the S. typhimurium strains are from the Salmonella Genetic Stock Center. pgalE ϩ galT ϩ galK ϩ (pAA101) is a plasmid carrying the wild-type galE, galT, and galK genes of E. coli (6) . CA1 is the parental strain for CA3, CA190, and CA13. The E. coli strains, other than AW405 (2), are from the E. coli Genetic Stock Center.
b D-Galactose (10 Ϫ2 M) was added to tryptone broth 30 min before harvesting of the cells for a galvanotaxis assay. VOL. 178, 1996 GALVANOTAXIS IN BACTERIA 1115
(specifically, galE) might account for the migration toward the anode of both SL7141 and AW914 and the four other similarly migrating mutants isolated directly from wild-type LT2 by appropriate selection.
We therefore tested the direction of galvanotaxis of several S. typhimurium strains with known gal mutations ( Table 1) . Strain SL3684, containing the nonleaky, nonpolar mutation galE503, and SV21, containing a deletion of the galETK operon, migrated toward the anode instead of the cathode. Two galK mutants tested (SA2415 and SA2416) showed normal galvanotactic behavior (Table 1) . No S. typhimurium galT mutant is available to our knowledge. Complete loss of galE function prevents synthesis of the O side chains of S. typhimurium LPS (in the absence of exogenous D-galactose) and makes cells become rough; this might be related to the altered direction of galvanotaxis.
Bacteria lacking galE function, if provided with D-galactose and if retaining galK and galT function, can make UDP-galactose by the following pathway: D-galactose 3 D-galactose-1-phosphate 3 UDP-galactose. This results in restoration of the smooth phenotype as shown by various surface properties (restoration of O-antigenic character, loss of salt agglutinability, loss of sensitivity to rough-bacterium-specific phages, and regaining of sensitivity to smooth-bacterium-specific phages) and by wild-type LPS sugar composition (10, 24) . This change of phenotype on provision of D-galactose provides a convenient method for recognition of galE mutants (not deficient in galT or galK function) amongst all D-galactose-negative (non-galactose-fermenting or non-galactose-utilizing) mutants. Strains SL7141, AW914, and SL3684 swam toward the anode when grown in tryptone broth (Table 1) . When grown in tryptone broth supplemented with 10 Ϫ2 M D-galactose, these cells swam toward the cathode like wild-type LT2 and did not clump in 4% NaCl (Table 1) . This corresponds to the rapid appearance of O-antigen-specific material at the bacterial surface as determined by immunofluorescence or altered sensitivity to relevant phages (10, 24) . As expected, strain SV21, with a deletion of the galETK operon, swam toward the anode even in D-galactose-supplemented broth (Table 1) . These data further establish the correlation between galE mutation, rough chemotype, and altered direction of galvanotaxis.
Plasmid pAA101 contains the galEKT ϩ operon of E. coli (6) . When transformed with pAA101, strains AW914, SL7141, SL3684, and SV21 became cathodically migrating and lost salt agglutinability (Table 1 ). These data indicate that the rough surface caused by the galE mutation is responsible for the altered direction of galvanotaxis.
Wild-type E. coli K-12 is a rough strain, i.e., it lacks O polysaccharide (23) , and additional gal mutations will keep the strain rough (Table 1) ; therefore, it is not surprising that no galvanotaxis mutants of E. coli K-12 were isolated.
Passive electrophoretic mobility of E. coli and S. typhimurium. The core oligosaccharide is rich in negatively charged groups from KDO and phosphate; O polysaccharide covers these, and thus, lack of O polysaccharide would expose more negatively charged groups to the cell surface. This will lead to changed electrophoretic mobility.
The electrophoretic mobilities of several strains were measured in the Penkem 3000 apparatus (4, 11) , at the field strengths (potential gradients) automatically chosen by the apparatus according to the conductance of the suspension ( Table  2 ). The electrophoretic mobility of E. coli K-12 wild type, AW405, resuspended in motility medium, at a field strength of 52.4 V/cm, was Ϫ2.85 ϫ 10 Ϫ8 m/s/V/cm for live bacteria and Ϫ2.26 ϫ 10 Ϫ8 m/s/V/cm for bacteria killed by formaldehyde (Table 2 ) (negative values indicate movement toward the anode). Wild-type S. typhimurium LT2 similarly examined behaved like E. coli in that it migrated toward the anode but differed in that the rate of electrophoretic movement was lower, with mobilities of Ϫ0.51 ϫ 10 Ϫ8 and Ϫ0.55 ϫ 10
Ϫ8
m/s/V/cm for live and killed bacteria, respectively, as tested in motility medium (Table 2) . A nonflagellate derivative of strain LT2, LB5000 (Fig. 4) , had about the same mobility as its motile ancestor, wild-type LT2 ( Table 2 ). The same was true for a galE mutant, strain SL7141 (Fig. 4) , the first galvanotaxis mutant of S. typhimurium encountered. The LT2 mutant with altered direction of galvanotaxis, AW914, had an electrophoretic mobility of Ϫ2.08 ϫ 10 Ϫ8 m/s/V/cm in motility medium, close to that of E. coli K-12. However, AW914 grown in the presence of 10 Ϫ2 M D-galactose and tested in motility medium supplemented with D-galactose had mobility like that of wild-type strain LT2, that is, Ϫ0.67 ϫ 10 Ϫ8 m/s/V/cm. These measurements show that rough or smooth phenotype, reflecting LPS constitution, determines passive electrophoretic mobility; as discussed below, the difference in electrophoretic mobilities between rough and smooth bacteria may explain their different directions of swimming in an electric field.
Effect of rfa mutation on galvanotaxis of S. typhimurium. Genes concerned with synthesis of the LPS core oligosaccharide are termed rfa (rough A). Most known rfa genes are located, in several operons, in a cluster at ca. 94 min on the linkage map (15, 22) . The main features of the core oligosac -FIG. 4 . Genealogy of SL7141. LB5000 is a nonmotile derivative of wild-type S. typhimurium LT2 carrying the flaA mutation. SL5283 is a direct derivative of LB5000 with a galE mutation. SL7162 and SL7141 are the motile strains derived from LB5000 and SL5283, respectively, via P22 transduction from wild-type flaA ϩ . The difference between SL7162 and SL7141 is the SL7141 galE mutation, which is thought to cause the difference in galvanotaxis. a Electrophoretic mobility was measured in the Penkem apparatus (11) . Negative values indicate movement toward the anode. The field strength was 52.4 V/cm. charide and the symbols assigned to identified genes involved in formation of its individual units are shown in Fig. 1 . We examined the galvanotactic behavior and salt agglutinability of representative (motile) rfa strains derived from S. typhimurium LT2, most of them from a set of rfa strains constructed by phage ES18-mediated cotransduction from strain LT2 pyrE125 (15, 22) .
The results are recorded in Table 3 . A mutant of class rfaB, deficient in addition of the branch galactose unit to the proximal glucose unit of the core chain, behaved like wild-type LT2, swimming to the cathode and not clumping in 4% NaCl. This agrees with other features of the phenotype of rfaB mutants; the absence of the galactose branch unit does not prevent the formation of the distal units of at least some of the core chains or the attachment to them of the O chain, though it somewhat reduces the number of core side chains which are completed and capped (30) . In contrast, mutants of six different classes behaved alike, migrating to the anode like E. coli K-12 and clumping in 4% NaCl. For example, an rfaI mutant, deficient in formation of the main-chain galactose unit, swam toward the anode and was clumped by NaCl at 4%. Correspondingly, its electrophoretic mobility toward the anode, as measured in the Penkem apparatus, was Ϫ3.01 ϫ 10 Ϫ8 m/s/V/cm, much faster than that of wild-type LT2, Ϫ0.51 ϫ 10 Ϫ8 m/s/V/cm. Effect of LPS and capsule character on galvanotaxis of E. coli. As recounted above, wild-type strains of S. typhimurium placed in a potential gradient of ca. 4 V/cm swim toward the cathode while strains of this species making LPS without O chains (because of either galE or rfa mutations) swim toward the anode; in this respect and in salt agglutinability, they resemble E. coli K-12, termed wild-type because it was the first strain to become the subject of genetic research (26) . The LPS of E. coli K-12, and those of several other laboratory strains, including E. coli B, has no O chains; it was therefore not surprising that gal mutants of E. coli K-12 had the same direction of galvanotaxis as their parent (Table 1) .
Unlike E. coli K-12 or E. coli B, most E. coli strains isolated from feces or other natural sources resemble wild-type S. typhimurium by presence of O chains of diverse sugar composition and antigenic character, and they have the smooth phenotype typical of recently isolated strains of Salmonella spp.
E. coli AW405 is a K-12 derivative and, like other such strains, swam toward the anode and clumped in 4% NaCl. Plasmid pSS37, which includes the rfb (O-antigen-determining) gene cluster of Shigella dysenteriae 1 (24, 25) , was introduced into AW405 by electroporation and selection for ampicillin resistance; cells of the resulting strain, AW405/pSS37, swam toward the cathode and failed to clump in 4% NaCl (Table 4) , presumably because of the O polysaccharide. Many E. coli isolates have, in addition to LPS with O chain, a negatively polysaccharide capsule on the outside, which commonly is made of, or includes, acidic sugar units such as glucuronic acid (12) . Table 4 records the galvanotactic behavior and salt agglutinability of several such E. coli strains of known O and K (capsular) antigenic composition. The four strains designated K Ϫ , i.e., without a capsular antigen, all swam toward the cathode, like S. typhimurium with smooth LPS; the six strains with capsular antigens, of antigenic types K1, K8, and K29, all swam toward the anode. None of these 10 strains clumped in 4% saline, presumably because of the presence of O polysaccharide.
Very few Salmonella species have capsular antigens, but strains of Salmonella typhi have a capsular antigen termed Vi, which is a homopolymer of the negatively charged N-and O-acetylated galactosaminuronic acid (and is thought to contribute to the pathogenicity of S. typhi). The cells of a Vinegative live-vaccine strain of S. typhi, 543Ty (7), swam to the cathode, like other smooth Salmonella strains; by contrast, the strain's Vi ϩ parent, 541Ty, swam toward the anode, presumably because of the negative charges of the Vi antigen. Both strains failed to clump in 4% NaCl (Table 4 ).
DISCUSSION
The observations described above show that galvanotaxis, whether toward the anode or the cathode, of motile E. coli or motile Salmonella spp. suspended in buffer and exposed to a voltage gradient of ca. 4 V/cm is determined by the nature of the bacterial surface: if this is smooth LPS, bearing O side chains with repeating units made of neutral sugars, the bacteria swim toward the cathode; if, instead, the main surface component is rough LPS, lacking O side chains and thus with a highly negatively charged LPS core and negatively charged phospholipids exposed, the bacteria swim toward the anode; and if the main surface material is a capsular polysaccharide made of negatively charged acidic sugars, the bacteria swim toward the anode. These rules hold both for E. coli, whether strain K-12 or others of independent origin, and for S. typhimurium (as well as for S. typhi, because of the effect of negatively charged capsular polysaccharide, in this case the Vi antigen).
S. typhimurium strains unable to make UDP-galactose-epimerase, for interconversion of UDP-glucose and UDP-galactose, were as expected phenotypically rough when grown without D-galactose (because they are unable to make the galactose units of the LPS core and of the O repeating units), and they then swam toward the anode; however, soon after provision of D-galactose they became smooth and then swam toward the cathode. The first anodically migrating descendant of S. typhimurium LT2 (SL7141) encountered in tests of various such strains was one with a known point mutation at galE, introduced by transduction. All of several anodically migrating mutants isolated by us directly by selection for such behavior from S. typhimurium wild-type strain LT2 were galactose negative and appear to have galE mutations. These observations strongly indicate that the nature of the LPS determines the direction of swimming under the conditions used in our experiments, an electrical field of about 4 V/cm in 10 Ϫ2 M phosphate buffer, pH 7.
Gram-negative bacteria suspended in buffer solutions are moved, passively, toward the anode when an electric gradient is applied (17) . Measurement of the electrophoretic mobilities of representative strains of S. typhimurium and E. coli, smooth or rough, suspended in motility medium (10 Ϫ2 M phosphate buffer, pH 7, and 10 Ϫ4 M EDTA) showed that all of five anodically migrating, rough strains had mobilities between Ϫ2.1 ϫ 10 Ϫ8 and Ϫ2.9 ϫ 10 Ϫ8 m/s/V/cm and that all of five cathodically migrating, smooth strains had mobilities between Ϫ0.5 ϫ 10 Ϫ8 and Ϫ0.7 ϫ 10 Ϫ8 m/s/V/cm. These data indicate that a change in electrophoretic mobility somehow is accompanied by a change in the direction of galvanotaxis.
Why then should there be a change in the direction of swimming in an electrical field, according to the magnitude of passive electrophoretic mobility? We suggest that the key to this phenomenon is the consideration that the bacteria used have two components, the bacterial body, whose electrophoretic mobility is determined by its surface composition, and the flagellar filaments, whose electrophoretic mobility is determined by their surface charge. In the only reported measurement of electrophoretic mobility of detached flagella known to us, Weibull showed anodic migration of the flagella of Proteus vulgaris (28) . The flagellin of E. coli and Salmonella spp. is an acidic protein owing to large amounts of aspartic acid and glutamic acid (15a, 16a). We hypothesize that the electrophoretic mobility of the flagellar filaments of E. coli K-12 and of Salmonella spp. would also show anodic migration and that this mobility would be less than that of the bodies of rough E. coli or Salmonella spp., which is about Ϫ2.5 ϫ 10 Ϫ8 m/s/V/ cm, and more than that of smooth cells of the same bacteria, which is about Ϫ0.6 ϫ 10 Ϫ8 m/s/V/cm. Consider first the case of rough strains whose body surface is more negatively charged than are the flagellar filaments. In the electric field, the passive electrophoretic movement of the body toward the anode (calculated from observations of bacteria in the Penkem apparatus) will be faster than the passive electrophoretic movement of the flagellar bundle; therefore, the flagellar bundle will tend to be left behind and so aligned behind the body that the thrusts exerted by flagellar rotation will have an overall effect of driving the bacterial body toward the anode. So, the observed motion of the bacterial body toward the anode will be the sum of that caused by its passive electrophoretic motion and the active flagellar action. This model corresponds to that of motile rough or capsulate strains of E. coli or Salmonella spp. observed in a potential gradient, about 4 V/cm, such that the rate of the passive negative electrophoretic movement of the bacterial bodies is substantially more than the speed resulting from flagellar action.
For smooth strains, the surface of the body is less negatively charged than are the flagellar filaments. The passive electrophoretic mobility of the bacterial bodies toward the anode is considerably lower (calculated from observations of bacteria in the Penkem apparatus) than the passive electrophoretic movement of the flagellar bundle. The flagellar filaments will then be drawn ahead of their proximal points of attachment to the more slowly moving bacterial bodies, and they will tend to come together into bundles at the anode-proximal end of the bacterial body, so that their thrusts will propel the bacteria in the opposite direction relative to that of their passive electrophoretic movement.
According to this hypothesis (two above paragraphs) as to how the surface composition of the bacterial body determines the direction of swimming, whether toward the anode or toward the cathode, in a potential gradient of ca. 4 V/cm, the phenomenon results only from mechanical effects. In this respect, bacterial galvanotaxis, the directed bacterial cell movement in an electric field, differs from bacterial chemotaxis, which involves sensing the changes in chemical concentrations. Instead, its mechanism is similar to that of magnetotaxis found with bacterial species such as Aquaspirillum magnetotacticum, for which the direction of bacterial swimming is also determined by an external force, the magnetic field (8) . One more example is the direction of migration determined by gravity in nonchemotactic S. typhimurium mutants which only run and never tumble; these migrate downward in a vertical column (3), an effect explicable by the greater weight/surface ratio of bodies versus flagellar filaments, which tends to align the bacterial body downward, flagellar bundle up, and so causes downward swimming.
